There is currently a need for superior stand-off detection schemes for protection against explosive weapons of mass destruction. Fluorescence detection at small distances from the target has proven to be attractive. A novel unexplored route in fluorescence chemical sensing that utilizes the exceptional spectroscopic capabilities of nonlinear optical methods is two-photon excited fluorescence. This approach utilizes infra-red light for excitation of remote sensors. Infra-red light suffers less scattering in porous materials which is beneficial for vapor sensing and has greater depth of penetration through the atmosphere, and there are fewer concerns regarding eye safety in remote detection schemes. We demonstrate this method using a novel dendritic system which possesses both excellent fluorescence sensitivity to the presence of TNT with infra-red pulses of light and high two-photon absorption (TPA) response. This illustrates the use of TPA for potential stand-off detection of energetic materials in the infra-red spectral regions in a highly two-photon responsive dendrimer.
Introduction
Chemical sensors for nitro-aromatics offer new approaches to the rapid detection of ultra-trace analytes from high explosives [1] [2] [3] [4] . This is of vital importance for a broad range of applications from national security to the clean up of mine fields and demilitarized installations. Organic conjugated polymers have proven very useful in creating highly sensitive fluorescent chemical and biological sensors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Swager et al [3, 4, 7, 8] have demonstrated high sensitivity of the fluorescence of properly designed polymers to nitro-aromatics with the capability to detect the vapors of TNT and other related compounds.
Recently non-polymeric materials which are capable to sense TNT vapors such as porphyrin-doped mesoporous silica film [9] or fluorescent nanofibril film [10] have also been demonstrated. Previous work on sensory applications utilized one-photon resonance fluorescence excitation [4, 7, 8] which implies the use the visible light for the fluorescence excitation. This method when applied for remote sensing can impose certain limitations regarding scatter, absorption in the atmosphere and concerns regarding eye safety for explosives detection.
Functionality of the fluorescence sensors can be greatly increased by the use of a two-photon fluorescence excitation scheme using infra-red light to overcome these limitations. In are prospective for making materials with controllable porosity and enhanced surface area. IR pulses excite the dendritic system which has a porous nature allowing excellent diffusion of the analyte to the sensing units.
order to utilize this technique it is necessary to synthesize novel materials with excellent two-photon absorption properties, and that the same time, demonstrate exceptional sensitivity to the presence of energetic nitro-aromatic compounds. The development of conjugated organic molecules with large two-photon absorption cross-sections (δ TPA ) has been of interest in many areas of scientific research [11] [12] [13] [14] [15] . A remarkable progress has been done in design approaches for the synthesis of organic molecules with large δ TPA [14, 15] which can exceed 10 000 GM for recently developed large macromolecular systems [15] . Our previous investigations of branched organic molecular structures and dendrimers have shown a great deal of promise for large two-photon responses [14, 15] . A dendrimer's architecture also allows one to concentrate a large amount of TPA-efficient chromophores in an ordered confined geometry. This results in a large δ TPA per dendrimer macromolecule thus providing high TPAexcitation efficiency using femtosecond lasers with modest average power.
Many explosives are highly nitrated organic compounds which are essentially electron-deficient.
Their electron accepting capability is exploited in the detection schemes by quenching the fluorescence of electron donor sensory system [4] . Electron-rich conjugated molecular systems are promising candidates for such redox sensing. Another important feature which is essential for the sensor is amplified quenching which results from the rapid migration of excitons through the material and the effective 'sampling' of many different receptor sites [7, 8, 16] . This process has been suggested to enhance the probability of finding an occupied binding site by TNT or DNT polymers [7, 8] . However, an efficient exciton transport is not limited to polymers. It has been observed in dendrimers [14] and other nanoscale systems [17] . Nevertheless, investigations of macromolecular architectures other than linear polymers for the fluorescence sensing with amplified quenching by energetic nitro-aromatics have been limited [9, 10] .
In this contribution we propose the dendrimer architecture for efficient two-photon-excited fluorescence sensors of TNT. The dendrimer's well defined tree-like mono-dispersed structures lead to a number of interesting characteristics such as globular, void-containing shapes [18, 19] , good electronic excitation transport properties within the macromolecule [14, 15, 18, 20] , and high nonlinear optical responses [14, 15] . The surface of globular dendrimer can be functionalized with chromophores specifically sensitive to the presence of electron-deficient quenchers such as nitroaromatics. It has been previously shown that porosity of a sensory material plays a crucial role in the sensitivity mechanism to TNT and other energetic materials [8, 9] . Due to a high degree of disorder in a polymer film it is very difficult to control the porous structure in this material. The developed porous structure in a dendrimer provides a condition for the efficient diffusion of analytes to sensing elements, while the large surface area enhances the number of interaction sites between analyte molecules and sensing elements [8] . This is schematically shown in figure 1.
However porous films demonstrating the strongest sensory effect [8, 9] can potentially produce a strong light scattering in the UV-vis region preventing efficient excitation conditions for relatively thick films. A multi-photon excitation route of such porous materials can have much higher penetration depths of the excitation beam and also minimize scattering, when compared with one-photon excitation.
We herein report dendritic systems which combine excellent TNT-sensing properties, with exceptional two-photon properties at relatively low average excitation power. The complete synthesis and characterization of the dendrimers were reported previously [21] . Generations G1-G4 (figure 1) of the dendrimer possess high quantum yields ranging from 0.48 to 0.75, absorb in the 400 nm region, and emit in the 430 nm region [21] .
Experimental details

Two-photon excited fluorescence measurements
The laser used for the study was a Kapteyn Murnane (KM) mode-locked Ti:sapphire laser. The bandwidth at 800 nm was ∼45 nm, and the pulse duration was ∼30 fs. The input power from the laser was fixed by using a polarizer. An iris was placed prior to the polarizer in order to ensure a circular beam. The beam from the polarizer was focused on the sample cell (quartz cuvette, 0.5 cm path length) using a lens with a focal length of 11.5 cm. The fluorescence was collected in a direction perpendicular to the incident beam. A 1-inch focal length plano-convex lens was used to direct the collected fluorescence into a monochromator. The output from the monochromator was coupled to a photomultiplier tube. The photons were converted into counts by a photon counting unit. A logarithmic plot between the collected fluorescent photons and input intensity gave a slope of 2. This gives a quadratic dependence of the fluorescence on the input intensity which indicates a nonlinear optical response, which in our case is twophoton absorption.
Fluorescence quenching measurements
Fluorescence quenching experiments were carried out by micro-titration in solution. The one-photon excited fluorescence and the two-photon excited fluorescence quenching were performed as follows. Initially, the one-photon excited fluorescence spectrum was recorded in the absence of quencher at room temperature, and measurement of the two-photon excited fluorescence spectrum following subsequently. For the two-photon excited fluorescence quenching, we used the same laser and optical parameters described above. The onephoton excited fluorescence quenching was performed using the Fluoromax-2 (SPEX) spectrophotometer. To the initial solution, micro-liter additions of a solution that contained the dendrimer at the same concentration and the quencher at a known concentration were performed and the one-and twophoton excited fluorescence spectra were repeatedly acquired after each micro-liter addition. Stern-Volmer plots of the twophoton excited measurements were made with the acquired data.
From a known estimate of the maximum value of the bimolecular quenching constant controlled by the diffusion [22] , the following relation was used to determine the contribution from dynamic quenching.
where Z is the collisional frequency of a chromophores, k 0 is the diffusion controlled bimolecular rate constant and [Q], the concentration of the quencher. Simple estimation of the TNTdiffusion-controlled quenching at the quencher concentration of 10 −3 M using this formula [22] gives the maximum value of collision time about 100 ns whereas the experimental timescale of the dynamic quenching is in the picosecond range from time-resolved measurement studies.
Time-resolved fluorescence measurements
The sample solution was excited with frequency-doubled light from a mode-locked Ti-sapphire laser (Tsunami, Spectra Physics). This produces pulses of approximately 100 fs duration in a wavelength range of 385-430 nm.
The polarization of the excitation beam for the anisotropy measurements was controlled with a Berek compensator. The horizontally polarized fluorescence emitted from the sample was up-converted in a nonlinear crystal of β-barium borate using a pump beam at about 800 nm that was first passed through a delay line. This system acts as an optical gate and enables the fluorescence to be resolved temporarily with a time resolution of about 200 fs (pump-excitation 800/400 nm cross correlation function had a fwhm of 180 fs) [23] [24] [25] . Spectral resolution was achieved by dispersing the up-converted light in a monochromator and detecting it by using a photomultiplier tube (Hamamatsu R1527P).
Results and discussion
Previous work has shown that the assemblies of strong twophoton absorbing chromophores in dendritic structures have resulted in large δ TPA [26, 27] . Our G-4 system possesses 96 two-photon absorbing chromophores on the near spherical surface of the dendrimer. These chromophores are quasi-1D quadrupolar systems assembled from the grafting of donor moieties by the use of conjugated spacers onto a fluorenyl core [21] . Such chromophores present in G4 have been reported by our group previously to exhibit very large TPA cross-sections per entire dendrimer molecule reaching ∼56 000 GM (1 GM = 10 −50 cm 4 s/photon) [21] . This is much higher than that for sensory polymers previously investigated [28] , either per entire molecule (∼56 000 GM versus ∼2300 GM) or per one repeat unit (582 GM versus 54 GM, one order of magnitude higher) [28] (see footnote 5). Linear polymers are normally poly-dispersed with a large number of different chain lengths, thus making detailed structure-property relationships difficult to establish. Also in polymers, aggregation of the chains is possible. Molecular aggregation has shown to have detrimental effects on the twophoton properties [29] . This condition is avoided in dendrimers It is seen that the scattering of the data points characterizing the signal-to-noise ratio of two-photon approach with relatively small average laser intensity of a few milliwatts remains quite small and comparable with similar dependences obtained using one-photon excitation [30] .
due to the confinement approach based on covalent grafting on the dendritic structure [21] . Fluorescence quenching by TNT were carried out by micro-titration in solution. In these experiments we found that the fluorescence of the dendrimers G4 is very sensitive to the presence of TNT independently of the excitation route (one-or two-photon). In addition to the sensitivity of G4, measurable signals of the quenched fluorescence were also observed with the smaller generations G1-G3, which possess 12, 24 and 48 chromophores respectively. Because the sensitivity increases with the generation number the complete quenching response of G4 is reported here. In order to quantify the quenching efficiency we used the Stern-Volmer relation [22] 
Stern-Volmer plot for the dendrimer G-4 under twophoton excitation (800 nm) in response to TNT is shown in figure 2 . The Stern-Volmer quenching constant for this dendrimer K SV was found to be ∼1400 M −1 . Comparing the Stern-Volmer factor obtained for the G4-dendrimer in solution, with those obtained under similar conditions for the various amplifying polymers which were used for TNT detection [30] one can see that the dendrimer's S-V-factor K SV is systematically higher.
We have also directly compared the Stern-Volmer profile for the dendrimer with that for the pentipticene-containing polymer highly sensitive to TNT [8] and found the K SV in toluene for the dendrimer is twice as large as that for polymer under the same conditions (1400 M −1 versus 702 M −1 ) [28] (see footnote 5). Therefore, along with the much higher twophoton absorption cross-section mentioned above [28] (see footnote 5), the dendrimer in solution demonstrated superior quenching response to TNT than polymers. Regarding stability of the system, we have determined that the dendritic systems are very stable structures to the environment, specifically. Absorption spectra of the samples taken after a span of one year show no change, rendering them a good shelf life for sensingbased applications
To better understand the origin of the enhanced sensing performance of this new dendrimer system we have investigated the quenching mechanism in more detail. The linear Stern-Volmer profile usually indicates either purely static or dynamic quenching while the simultaneous presence of static and dynamic quenching is expected to result in the superlinear Stern-Volmer profile [22] . Previous studies on conjugated polymers with amplified quenching in solutions have shown that the one-photon excited fluorescence quenching by nitro-aromatics followed a superlinear SternVolmer relation indicating the presence of both static and diffusion controlled dynamic quenching [22] . In some cases the saturation of the static quenching due to 'loose' aggregation can lead to the linear S-V profile even in the presence of dynamic component as it has been recently reported for the polyelectrolyte quenching [16] . In order to shed more light on the nitro-aromatic quenching mechanism in these new dendrimers we have performed femtosecond timeresolved fluorescence upconversion studies on the dendrimer generation G3 under one and two-photon excitations. From previous studies on dendrimers by our group, it was observed that the dendrimers can possess excellent exciton transport properties [31] implying the possibility of amplified quenching in these systems. Figure 3 displays the difference between fluorescence dynamics for dendrimer sample with TNT (concentration: 5 × 10 −3 M) F q (t) and that for pure dendrimer solution F 0 (t).
The ratio (quenching factor) Q(t) = F q (t)/F 0 (t) represents the fraction of quenched excitations at a given delay time t. It is seen from this figure that ∼10% of fluorescence is quenched within the time resolution of the upconversion setup ∼100 fs. Taking into account the absence of any measurable fast dynamics for Q(t) in the vicinity of instrument response function (inset of figure 3(b) ) this fraction of quenching can be considered as instantaneous or true static. However the major part of the fluorescence quenching by TNT occurs on the timescale ∼150 ps as shown in figure 3(b) , and should be considered as a dynamic quenching. The best fit of the time-resolved quenching factor Q(t) showed multi-exponential decay with time components of 1.5, 17 and 160 ps. It is also seen from figure 3(b) that static and dynamic quenching components taken together account for the fluorescence quenching by ∼50% at long delays which is in excellent agreement with steady state measurements showed the same total amount of quenching at this TNT concentration.
Simple estimation of the TNT-diffusion-controlled quenching at the quencher concentration at 10 −3 M using this formula gives the maximum value of collision time of about 100 ns [22] whereas the experimental timescale of the dynamic quenching is in the picosecond range from time-resolved measurement studies shown in figure 3 . This proves that in our case the contribution from the dynamic quenching associated with the diffusion of TNT in solution is negligible. For this dendrimer the fluorescence quenching is in major part a fast dynamic process on a picosecond timescale, which can result from the fast exciton migration on the dendrimer surface from the excitation site to the site associated with TNT-chromophore complex. The exciton migration over the dendrimer spherical surface can be monitored using time-resolved fluorescence anisotropy measurements. Exciton migration over the surface of the dendrimer leads to the reorientation of the emitting dipole and fluorescence depolarization. The fluorescence anisotropy decay thus reflects the timescale of the exciton migration over the dendrimer surface [31] . As shown in the inset of figure 3(b) the initial anisotropy is high, implying that the excitation is initially localized on one chromophore [31] . The anisotropy decay gave a time component of 1.1 ps for the initial decay from the initial anisotropy of 0.5 for two-photon excitation mode, and longer time components of 16 and 98 ps. These time components describing the exciton migration over the dendrimer surface are in the same range as those observed for the dynamic quenching, thus proving that the exciton migration over the dendrimer surface is the main contributor to the observed dynamic fluorescence quenching. This validates the efficient amplified quenching mechanism associated with exciton migration over dendrimer surface as a main quenching mechanism. Our results also indicate that the migration over quasi-two-dimensional dendrimer surface results in more efficient amplified quenching than that along the one-dimensional polymer chains ('molecular wires').
Summary
In conclusion, we have demonstrated a valuable approach of two-photon excitation route for TNT sensors based on the fluorescence quenching. We have synthesized and investigated new dendritic materials as promising two-photon sensors for TNT detection. These materials possess the exceptional combination of large δ TPA with efficient amplified fluorescence quenching by TNT. It is also worth noting that two-photon excitation can potentially provide even higher selectivity by way of excitation of the specific two-photon excited states of particular symmetry [32] which may be more susceptible to quenching by the analyte. The opportunity to performing long range remote sensing applications with femtosecond IR pulses via the two-photon absorption method is thus an attractive alternative to conventional explosives detection. The employment of two-photon excitation for stand-off detection therefore proves to be a significant step forward in the field of fluorescence chemical sensing.
